We study the gravitational waves produced by the collision of the bubbles as a probe for the cosmological first order QCD phase transition, considering heavy static quarks. Using AdS/QCD and the correspondence between a first order Hawking-Page phase transition and confinementdeconfinement phase transition, we find the spectrum and the strain amplitude of the gravitational wave within the hard and soft wall models. We postulate the duration of the phase transition corresponds to the evaporation time of the black hole in the five dimensional dual gravity space, and thereby obtain a bound on the string length in the space and correspondingly on the duration of the QCD phase transition. We also show that IPTA and SKA detectors will be able to detect these gravitational waves, which can be an evidence for the first order deconfinement transition.
I. INTRODUCTION
According to the standard cosmology, during the evolution of the universe, several Phase Transitions (PTs) have occurred. One of the consequences of these out of equilibrium events is the generation of the Gravitational Waves (GWs), which open a new way to explore the early universe, during and after PTs. However, if the cosmological PT is not a first order type, it cannot give rise to the GW production. For a cosmological first order PT, there are two degenerate thermodynamical states separated through a barrier. Tunneling to the new phase is proceeded by the bubble nucleation. The expansion of these bubbles and finally their collision with each other result in the production of GWs [1, 2] . Furthermore, other different sources including inflationary quantum fluctuations [3] , cosmic strings [4] , and Black Hole (BH) collisions [5] for radiating GWs have been proposed. Therefore, GWs may be applied as a powerful probe on astrophysical and cosmological events in the universe. Numerical calculation indicates QCD PT at finite temperature for small and large quark masses was a first order PT [6] . However, as lattice QCD shows, the transition is an analytic crossover for intermediate quark masses, particularly for three physical light quarks and small chemical potential [7] . Physical QCD has approximate chiral and Z(3) center symmetries for very small and large quark masses, respectively. Three light pions and color screening are remainders of these spontaneously broken symmetries. For intermediate masses these symmetries are explicitly broken and related order parameters are non-zero at all temperatures. The expectation value of Polyakov loop which can be read off from the heavy quark potential is the relevant order parameter for the confinement-deconfinement PT. In this work, we focus on the cosmological QCD PT. At temperatures that the deconfinement transition occurred, heavy quarks lost their dynamical importance.
Thus we consider pure gauge theory with non-dynamical heavy quarks appropriate for Z(3) symmetry broken in the confinement-deconfinement PT with the expectation value of Polyakov loop as the order parameter. Employing the point that the confinement-deconfinement PT is corresponded to Hawking-Page PT [11] which is of a first order, we explain this PT in the AdS/QCD context and explore it through possible GWs generated during the transition.
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After the conjecture of AdS/CFT correspondence and its generalization to gauge/gravity, people have attempted to get a better understanding of QCD and its properties by using the dual gravity theory in five dimensions; the interpretation of the Hawking-Page PT as the confinement-deconfinement PT [12] and the computation of the energy loss of heavy quarks moving in the quark gluon plasma [13] are investigations to fulfill this goal. The precise dual gravity describing the real QCD is not yet found. However, so-called AdS/QCD is a promising extension which can explain important features of QCD. The AdS/QCD top-down approach first takes into account a string theory, then deforms the dual super YangMills theory to gain QCD properties such as confinement [14] while in the other approach, bottom-up, starting with QCD, the dual description is constrained by QCD ingredients. The conformal isometry of AdS space is consistent with UV asymptotic freedom of QCD. In the hard wall model of this approach [15, 16] to produce confinement, the small radius region of AdS is truncated, while for the soft wall model this truncation is smoothly performed by a dilaton field [17] . In [18] , the author finds the confinement-deconfinement PT for these two models and the PT temperature obtained in the soft wall model is very close to the prediction of a lattice calculation.
Using holographic description of the hard and soft wall models, we try to estimate GWs generated from confinement-deconfinement PT. We relate the duration of the PT to the evaporation time of the BH in these AdS spaces and attain a bound on the string length. The generated GWs are obtained for N = 3 (where N is the number of colors); extrapolation to large N leads to the stronger PT. Moreover, we display these GWs can be detected by International Pulsar Timing Array (IPTA) [19] and Square Kilometre Array (SKA) [20] detectors. Section II is devoted to the first order PT parameters characterizing the GW. In section III, we introduce the gravity setups and calculate GWs in the hard and soft wall models. We finally summarize the outcomes.
II. GRAVITATIONAL WAVES AND THE FIRST ORDER COSMOLOGICAL QCD PHASE TRANSITION
Based on Einstein's prediction of GWs, space-time fluctuation propagates as a wave at the speed of light from their sources. In general relativity, these GWs can be set by linearizing Einstein equation of motion (e.o.m). As pointed before out, there are various sources for the GW radiation and we study the sort of the GW generated from cosmological PTs. If a first order PT takes place, the transition into the true vacuum proceeds due to bubble nucleation and percolation. Dynamics of these bubbles plays an important role in GW production. There are two sorts of combustion modes: detonation and deflagration. When PT wall expands faster than the speed of sound, combustion occurs through detonation and for deflagration, bubble front moves at the subsonic velocity. Bubbles expand and collide with each other and part of the stored energy in the walls is converted to GWs. From this process, there are three sources for the GW production: bubble collision, sound waves and Magnetohydrodynamic (MHD) turbulence after the bubbles collided. The GW contribution from the bubble collision is calculated by a numerical method [1] known as envelope approximation [21] which simulates PTs with the envelope of bubbles and expresses GW spectrum in terms of first order PT parameters. Moreover, the GW contribution of sound waves [22] and MHD turbulence [23] , considered as Kolmogorov-type turbulence, has been computed. GW properties calculated by the numerical methods are given by first order PT parameters. Important parameters of a first order PT affecting GW properties are: the ratio of the vacuum energy density to the thermal energy density of the universe at the PT time, α, the duration of the PT, τ −1 , the velocity of bubble expansion, v b , the temperature at which the PT occurs, T * , and the fraction of the vacuum energy which is converted to the kinetic energy of the bubbles and the fluid motion rather than reheating the fluid, κ. The contribution of the GW energy density from the mentioned sources is given by (we assume the so-called runaway bubble walls with the ultra-relativistic velocity and three GW sources) [2, 24] 
where
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The spectral shapes of GWs are characterized by the numerical fits as [2, 24] 
with
f en,sw,tu are the peak frequency of each GW spectrum given by
κ, κ v and κ tu parameters are the fraction of the vacuum energy converted to the kinetic energy of the bubbles, bulk fluid motion and the MHD turbulence, respectively [2, 25] :
where ǫ is of order 0.05 − 0.1 [26] and α ∞ is the minimum value of α due to which bubbles can run away
N a denotes the number of degrees of freedom for fermion species and ∆m a is the mass difference of the particles between two phases (for details see [25] ). We assume ǫ = 0.05 and also v b = 1. The characteristic strain amplitude produced by GW is defined as
Moreover, other parameters are defined as follows
and the related vacuum energy at the PT is
The difference between free energies of two phases is denoted by ∆F and the Hubble parameter at the temperature T * is given by
where the number of effective relativistic degrees of freedom at the PT is g * = 10 and the Planck mass is m pl = 1.22 × 10 22 MeV. To calculate QCD PT parameters, we use hard and soft wall models in the AdS/QCD correspondence context.
III. GRAVITY SETUP A. Hard Wall
According to Hawking-Page PT, there is a first order PT between Schwarzschild-AdS BH and thermal AdS spaces. In [12] , Witten argued in the dual gauge theory the Schwarzschild-AdS BH corresponds to deconfinement at the high temperature and thermal AdS corresponds to confining phase at the low temperature for the compact boundary, while for the non-compact boundary there is no PT. However, by introducing IR cut-off in Poincaré AdS spaces, hard wall model, [18] showed that HawkingPage PT would be possible. In this section we obtain necessary parameters within this model. The five dimensional gravity action dual to gluodynamics with static heavy quarks and negligible baryon chemical potential is given by
where R is the Ricci scalar, −12/R 2 is the negative cosmological constant, and R is the AdS radius. Two solutions for the e.o.m are an Euclidean AdS in Poincaré coordinate
where the radial coordinate is limited to 0 < z ≤ z 0 and 1/z 0 corresponds to IR cut-off in the dual gauge theory; the second solution is the AdS-BH whose metric is as follows
where f (z) = 1 − z 4 /z 4 h and 0 < z ≤z withz = min(z 0 , z h ). The thermal AdS case has temperature T = 1/β ′ where β ′ is the period of the Euclidean time, while the Hawking temperature of the BH, T = 1/(πz h ), is achieved from the near horizon metric. Since R = −20/R 2 for these spaces, from (12) we can obtain free energy densities as
where ε is the UV cut-off. Setting the BH into the space consistently at ε leads to β ′ f AdS (ε) = πz h f BH (ε). In the limit of ε → 0, β ′ is expressed in terms of BH temperature. For z 0 > z h , there is a PT at z 
By relating z 0 to the mass of the lightest ρ meson, one obtains z 0 = 1/(323 MeV) [16] and thus T * = 122 MeV [18] . Furthermore, we can calculate the relevant latent heat at the PT and α as
We used
s where g s and α s are the string coupling and tension, respectively. To obtain ∆F and ǫ * , we assumed the UV cut-off of two spaces are the same and attained β ′ = πz h (1 − ε 4 /(2z 4 h )). We also assume the transition temperature, T * , is equal to the temperature of the bubble nucleation. Moreover, we obtain α ∞ , Eq. (8), so that ∆m ≈ 400 MeV, which is the quark mass difference between the constituent (effective) quark mass [27] and quark mass in the deconfinement phase, and N a = 6 for the quark particles. As seen from Eq. (19), the larger α, the stronger the PT becomes. Therefore, for the large N limit, it gives rise to the very strong PT.
Due to the existence of a PT in these truncated AdS spaces and the notion that two phases are not stable and always thermodynamically dominated, we assume the duration of the PT, τ −1 , can be found by the evaporation time, t e , of the BH in this space. To do so, first we should calculate the BH mass. One can get the energy density of the AdS-BH from the renormalized free energy density [28] 
By inspiration from a dimensional reduction carried out for 10 dimensional Newton constant to gain G 5 , we expect the relevant Newton constant in this non-compact boundary, R 3 × S 1 , to obtain the BH mass is G
. Therefore, the BH mass can be attained as
Then, the power of losing energy [29] , P = AT
Hence, according to our assumption τ
. Also, one may find that N = 3 is consistent with the strongly-coupled SU(3) gauge theory by considering the effective string tension relation, σ = R 2 /(2πα s z 2 0 ) [30] , whose value can be obtained from a quark antiquark potential energy calculation [31] , √ σ ≃ 465 MeV. From this result and Eq. (12), we find that a string length of the order of l s ∼ √ α s ∼ 1/(10 10 MeV) − 1/(10 9 MeV) is corresponded to τ = H * and τ = 10H * , respectively. Now, putting the related parameters in Eqs. (1), (2), and (9), we can identify the generated GW. As seen from FIG. 1, described GWs are detectable by IPTA. IPTA is a project consisted of European Pulsar Timing Array (EPTA), Parkes Pulsar Timing Array (PPTA), and North American Nanohertz Observatory for Gravitational Waves (NANOGrav). They use millisecond pulsars to detect passing GW sensitive to the frequency range 10 −10 Hz − 10 −7 Hz. (Pulsars are rotating neutron stars which radiate electromagnetic waves and can signal a passing GW causing a fluctuation in the arrival time of their pulses.) The other relevant detector is SKA which is a huge radio telescope and can detect GWs by using pulsars in the next decade. However, eLISA [34] space-based interferometer scheduled in 2034 will not be able to detect these GWs. 
B. Soft Wall
In this case, the gravity action is
where the dilaton field is denoted as φ = cz 2 which in fact is a smooth cap off. Assuming the dilaton field does not backreact on the metric, AdS and AdS-BH are solutions of the e.o.m. Similar to the previous section calculation, one can acquire the free energy density values by using the same conditions mentioned in the hard wall model
where Ei(x) ≡ − ∞ −x dt e −t /t and γ ∼ 0.5. By calculating ∆F , one finds there exists a PT for cz Also, we can calculate α from ∆F and by the same argument in the hard wall model, it is found that for a string length of the order of l s ∼ √ α s ∼ 1/(10 9 MeV) − 1/(10 8 MeV), τ = H * and τ = 10H * , respectively. Different values of the soft wall model compared to the hard wall model stem from different IR cut-off in the hard wall, z 0 , and the soft wall, c, actually in φ = cz 2 . Therefore, this leads to different transition temperature, and consequent latent heat. Here, again the QCD PT imprint on the GWs is traceable by IPTA and SKA detectors, FIG.  2 . In FIG. 3 and 4 , the comparison of the GW estimation in the hard and soft wall models is shown. The spectral shape of the GWs is differently scaled with respect to small and large frequencies (Eq. (3)). For τ = H * , due to the dominant energy density contribution of bubbles, envelope approximation, this would be almost 10 19 f 3 and 10 18 f 3 with small frequencies for the hard and soft wall model, respectively, and for larger frequencies approximately 10 −14 f −1 for both models. Also, as a result of different α, GW spectrum of these two models becomes more distinctive for small frequencies. In summary, during the evolution of the universe, for heavy non-dynamical quarks confinement-deconfinement PT was a first order type with non-zero and zero expectation value of Polyakov loop, as the order parameter, in the deconfined and confined phase, respectively. We studied this PT by AdS/QCD approach through GWs produced by the bubble collision, sound waves and MHD turbulence. In the hard and soft wall models of QCD, there exists a first order Hawking-Page PT corresponded to the confinement-deconfinement PT. Using this correspondence, we estimated the GW spectrum associated with these sources during the QCD PT in these models through numerical simulations.
We assumed that the duration of the PT corresponds to the BH evaporation time in the five dimensional AdS space. Hence, τ = H * , τ −1 ≃ 10 −5 sec, as the scale of PT duration leads to l s ∼ 1/(10 10 MeV) − 1/(10 9 MeV) for the string length in the hard and soft wall models, respectively. We also calculated the latent heat at the transition and obtained radiated GWs for N = 3 in the models. The peak frequency of GWs, which IPTA and SKA will be able to detect their signals as an evidence for this PT, falls in 10 −8 Hz − 10 −7 Hz band. 
